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A B S T R A C T
Vessel trafﬁc records from the Automatic Identiﬁcation System (AIS) are a useful source of information for maritime data analytics, and of training data for maritime artiﬁcial intelligence systems. Researchers utilizing these
data are developing the foundations for operational maritime tools essential to economic expansion and security. The global growth and distribution of this research effort from 1997 to 2019 was examined through a bibliometric study of 817 Scopus‐listed publications. Indications of both collaboration and accelerating
competition were found by examining the number of publications and authors, national and institutional afﬁliations of the authors, and number of citations received. Prior to 2003 about 1–5 publications per year
appeared in the literature. The annual number of publications has doubled roughly every 5 years since the
mid‐2000s, reaching 140 in 2019. About 82% of publications were by authors based in a single country.
Overall, authors afﬁliated with China contributed to 27% of all publications, followed by the US (9%) and
Italy (8%). Authors from EU countries, taken collectively, were most common (37%). From 2016 to 2019
the number of authors from China quadrupled, and the number of publications with at least one
China‐afﬁliated author quintupled, producing about 39% of all publications in that time period. Some policy
questions arising from this study are presented, and the need for continuing international collaboration and
cooperative development are discussed.

Introduction
The maritime industry is changing. Commercially operated marine
vessels on the oceans and inland seas have been growing in size and
number for several decades (Fan et al., 2018; Wu et al., 2016), bringing increased efﬁciencies of scale, but also new logistic and competitive challenges. These developments, in conjunction with
advancements in affordable computational memory and speed, have
helped stimulate the study and application of advanced analytics
and artiﬁcial intelligence (AI) to big maritime data (Filipiak et al.,
2018; Lee et al., 2018; Yang et al., 2019), including to vessel navigation records (Batty, 2018; Zhang et al., 2018) with the primary goals
of greater operational safety and efﬁciency. Funding for this type of
basic maritime research, like many other ﬁelds, is often dependent
on national agencies who favor domestic Principle Investigators, in
part because basic research contributes to long‐term economic competitiveness by fostering innovation and technological development
(Archibugi and Filippetti, 2018; Bloch, 1987). The allocation of
resources to academic and private sector investigators can be inﬂu-

enced by, for instance, new governmental priorities, the emergence
of new technologies, or challenges presented by the domestic or international scientiﬁc communities or governments. Tracking support
levels for a speciﬁc ﬁeld across the globe is of interest to funding agencies and to researchers seeking support, but can be a difﬁcult task due
to diverse and overlapping programs, complicating the identiﬁcation
of the supported ﬁelds, or lack of transparency in the program administration. Here we use established but indirect bibliometric measures
of funding levels for maritime research involving vessel trafﬁc data
and how these have evolved over time.
In contrast to often competitive governmental entities, the maritime industry itself is generally cooperative, having given rise to
multi‐lateral organizations such as the International Maritime Organization (IMO), the International Association of Marine Aids to Navigation and Lighthouse Authorities (IALA), and the International
Association of Port and Harbours (IAPH). These organizations help
balance national interests by creating global standards for maritime
communication, navigation, and nearshore operations (Agarwala,
2021). Engaging with research and development leaders identiﬁed
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AIS‐related literature have been provided by Lim et al. (2018),
Robards et al. (2016), and Zhou et al. (2019). Here the focus is on
the global distribution of AIS research and shifting productivity measures within its community of scholars.
The following section details the methodology used to obtain,
clean, and analyze the bibliometric data. Section “Results” presents
ﬁndings of the analysis, organized by year, by individual country
and institution. This is followed by the Discussion of the results and
their limitations, and how national priorities may be reshaping the
international effort in this ﬁeld of research. The Conclusion outlines
the essential integrative role of international organizations as results
of this research are commercialized.

using techniques such as applied here, helps these organizations better
anticipate, manage, and coordinate future technological change.
China has become a leader in many scientiﬁc ﬁelds, particularly in
the physical sciences such as engineering, physics, chemistry, and
materials science, as measured by the total number publications, the
number of publications in top science journals, and hosting the some
of the most productive scientiﬁc institutions (Di Tommaso et al.,
2020; Nguyen and Choung, 2020). This increase in productivity has
been attributed to a supportive government policy (Di Tommaso
et al., 2020), which extends to ﬁelds relevant to this study, including
cybersecurity and artiﬁcial intelligence (Cheung, 2018; Wu et al.,
2020) and marine transportation (Jilani and Banerjee, 2021). There
have been few published studies documenting China’s growing contribution to maritime studies. One of the outcomes of this study was a
bibliometric‐based ranking of countries involved in this type of
research.
Bibliometry is a well‐established methodology used to measure
research effort in a speciﬁed subject area through the analysis of
meta‐data from relevant publications (Subramanyam, 1983; Van
Raan, 1993) that are typically identiﬁed by ﬁltering one or more publication databases using appropriate search terms. In this paper, bibliometric analysis was used to evaluate the level and distribution of
support for maritime research by examining metrics such as the number of authors, their national and institutional afﬁliations and collaborations, and publication and citation rates. Changes in these measures
over time were a particular focus. Similar previous analyses of the maritime literature were largely restricted to static, bulk analysis of all
publications over their periods of study. One of the most comprehensive of these (Munim et al., 2020) examined 279 publications published from 1995 to 2019 focusing on four broad topics related to AI
and maritime: digital transformation, applications of the Automatic
Identiﬁcation System (AIS), energy efﬁciency, and predictive analytics. Bulk analysis does not necessarily characterize signiﬁcant shifts
in an industry over time. A retrospective study such as presented here
may allow researchers and program managers to better understand,
and respond more effectively to, a rapidly evolving research environment by identifying subject leaders and opportunities for advancing
research quality, collaboration, and resource allocation. AIS was the
primary search term surveyed, as it served as a broad proxy encompassing multiple maritime issues as described below.
The AIS is a maritime VHF radio communication system through
which ships transmit their identifying information every few minutes.
Originally created as a real‐time ship‐to‐ship and ship‐to‐shore system
to enhance the safety of maritime trafﬁc (Creech and Ryan, 2003;
Hasegawa et al., 2001; Murk, 1999), AIS is now widely used as a data
resource in maritime research (Svanberg et al., 2019; Yang et al.,
2019). The information transmitted by AIS generally includes the
transmit time and position, unique Maritime Mobile Service Identity
(MMSI) and IMO vessel numbers, length, draft, beam, type, cargo, navigational status, course, and speed. Over two dozen variables can be
included in each transmission, as determined by the International
Telecommunication Union (ITU, 2010).
Some of the most common uses of AIS data have been the creation
of vessel density maps (Demšar and Virrantaus, 2010; Shelmerdine,
2015; Silveira et al., 2013; Wu et al., 2016), predicting future routes
and collision avoidance (Chen et al., 2018b; Rong et al., 2019;
Silveira et al., 2013; Wang et al., 2013), estimating arrival times
(Dobrkovic et al., 2016; Jahn and Scheidweiler, 2018; Xin et al.,
2019), and detecting anomalous vessel movement (Liu, 2015; Oh
et al., 2018; Sidibé and Shu, 2017). Many of these utilize machine
learning and artiﬁcial intelligence (AI) techniques and are also relevant to the development of autonomous vessels. Several countries have
developed national plans to develop an AI infrastructure for its strategic, economic, and military value (Miailhe, 2018), considerations that
are also applicable to the maritime domain where AIS records are a
potentially useful source of training data. Recent reviews of technical

Methods
Publication search
Bibliometric studies of AI applications have been conducted on
explainable AI (Alonso et al., 2018), engineering (Shukla et al.,
2019), health and medicine (Tran et al., 2019), and national security
(Wamba et al., 2019). There have been a few bibliometric studies
related to the maritime industry (Chen et al., 2018a; Davarzani
et al., 2016; Lau et al., 2017; Munim et al., 2020), but none focused
exclusively on studies of AIS data or recent changes in the international distribution of the research effort.
Scopus and Web of Science (WoS) are the two most widely used
searchable databases of scientiﬁc and academic publications (Zhu
and Liu, 2020). Scopus was used in this study as it generally returns
more citations for a given search than WoS (Martín‐Martín et al.,
2018). The keywords “Automatic Identiﬁcation System AND (maritime OR navigation)” were entered into the Scopus search engine
for the years 1997–2019 on January 23, 2020. The results included
information on each publication satisfying the search parameters such
as a list of authors, their Scopus identiﬁcation numbers, year of publication, article title, publication sources, author afﬁliations (at time of
publication), number of citations, and article type. The initial 909
resulting citations were examined for incomplete citations, or lack of
clear relation to the subject of this study. (An example of the latter
was an examination of the cerebral activity of mice.) In total, 817 citations were retained, much higher than previous maritime bibliometric
studies. A separate search using the terms “Automatic Identiﬁcation
System” AND (“artiﬁcial intelligence” OR “machine learning”) yielded
793 results. The initial search yielded a high number of results, so was
used in this study.
Publication types provided by Scopus were almost entirely listed as
‘Articles’ or ‘Conference Proceedings’. Generally, the former can be
assumed to be peer‐reviewed, and the latter not. There are proceedings
that go through at least some form of peer‐review, but the editorial
processes of the proceedings were not provided. Other descriptors
included ‘Book’, ‘Review’, and ‘Note’.
Analysis
Matlab and Python scripts were developed to read, ﬁlter, and analyze the search results. The total number of publications per year (N T )
was computed, along with the number of unique authors each year,
and the number of publications per author. To examine the global distribution of effort, the country afﬁliation of each author was determined and used to ﬁnd the number of participating countries, the
number of authors from each country, and rank the most productive
countries. Institutional afﬁliations were examined similarly, but
required conforming of names to compensate for variations in abbreviation, spelling, language, and typographic errors. Without this step
many institutions would have been identiﬁed incorrectly. Entities
such as NATO with multiple locations were consolidated into a single
2
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institutional name when possible. Of the 817 publications examined,
35 had incomplete or missing Afﬁliations and were excluded from this
portion of the analyses.
An international collaborative index (Luukkonen et al., 1993) was
computed as
Cij
Pi þ Pj  Cij

I ij ¼

ð1Þ

where 0 ≤ Cij ≤ Pi þ Pj is the number of collaborative publications
between countries i and j, and Pi is the total number of publications
with authors from country i. The index 0 ≤ I ij ≤ 1 scores the level of collaboration between countries. The sum over n publications
Sj ¼

n

∑ I ij
i¼1

ð2Þ

i–j
is a relative measure of net collaborative effort for country j. The
fraction (percentage) of publications with authors from country i
was computed as ϱi ¼ Pi =N T , where the values were taken over a relevant time period. Note it is possible for ∑i ϱi > 1, as publications with
authors from more than one country are counted in multiple Pi . Additionally, each publication was ranked by number of citations. The
Gamma measure from graph theory (Garrison and Marble, 1965),
the ratio of the total number of edges divided by the total number of
possible edges,
γ¼

n

2
nðn  1Þ

∑
i¼1

HðCij Þ

Fig. 1. (a) stacked histogram of the annual number of publications (NT),
partitioned by type, and the number of authors per year (line); (b) the number
of publications per author.

Here F ¼ nVarðxÞ, where Var represents the variance of x, and n is the
number of data points in x. The procedure can be extended to any number
of Y. The year 2017 was determined to be the most signiﬁcant change
point, followed by 2012. The cause of the change in 2017 is examined
in more detail in Section “Change point year”.
The number of unique authors per year increased with the number
of publications, from as few as one author per year in the late 1990s to
481 in 2019 (Fig. 1). The increase in unique authors and their national
afﬁliations paralleled the growing global interest in all ﬁelds of AI
research (Niu et al., 2016). The number of publications per author
was relatively volatile in the earliest years, likely due to the small number of authors, until it stabilized near 0.3 in 2008 (Fig. 1). The increase
in authors per publication likely reﬂects growing interest and support
for this research topic. The afﬁliations of these authors became more
diverse over time, with the number of nations represented in this
research community increasing in a roughly linear manner from
2001 to 2017. National afﬁliations plateaued around 30 nations in
2017–2019 (Fig. 2). In contrast, the number of institutions continued
to increase rapidly in the ﬁnal years of analysis. In total, authors in 57
countries from 659 universities, government agencies, and private
companies were found to have contributed to the literature between
1997 and 2019.

ð3Þ

j¼iþ1
was used as a measure of overall collaboration in the ﬁeld, where H is
the Heaviside function which equals one for Cij > 0, and zero
otherwise.
Major geopolitical groups of countries were also considered as follows: North America (NA) included Canada, United States, Puerto
Rico, and Mexico. China (CN) included mainland China, Taiwan,
and Hong Kong. The European Union (EU) included the 32 current
member states, regardless of membership status in earlier years.
Results
Annual output
During the late 1990s and early 2000s there were few publications
involving AIS data (Fig. 1), but publication numbers started increasing
in the mid‐2000s, reaching N T ~ 20 yr−1 in 2005. The publication rate
then began doubling roughly every ﬁve years starting around 2005,
reaching N T = 140 yr−1 in 2019. During most of this time, conference
proceedings outnumbered articles, suggesting a community evaluating
preliminary results in a new ﬁeld of research. The ratio N p =N a where
the total number of proceedings was N p and total number of articles
was N a , peaked at 4.0 in 2010, and trended lower in the following
years, dropping below 1.0 in 2017 when 46 proceedings and 50 articles were published. The ratio N p =N a was 0.8 in 2019. A relatively
small number of books, book chapters, letters, and notes involving
AIS were published between 1997 and 2019. Almost half (45%) of
all publications were published in the last 3 years of the study period.
The largest net increase in N T compared to the year prior occurred
when publication counts went from N T ¼ 60, N p ¼ 32 and N a ¼27 in
2016, to N T ¼ 97, N p ¼ 46 and N a ¼50 in 2017. An objective test conﬁrmed 2017 as a critical year in the literature. Change point analysis
(Killick et al., 2012) was applied to N T , the essentials of which were as follows. A cost function F was deﬁned and a change point at year Y was
determined if F ðN T ð1997 : YÞÞ þ F ðN T ðY þ 1 : 2019Þ was minimized
and
F ðN T ð1997 : 2019ÞÞ > F ðN T ð1997 : YÞÞ þ F ðN T ðY þ 1 : 2019Þ.

International productivity and collaboration
The majority of the 1997–2019 research effort, as measured by the
number of publications, was conﬁned to a small group of countries,
with almost 50% of the total publications written by authors from 5
countries, and 80% of the publications written by authors from 15
countries (Fig. 3). The nation with the highest overall afﬁliation of
authors was China at 20% (Taiwan represented an additional 2%
and Hong Kong slightly less than 1%), followed by the United States
at 9% and Italy at 8%. No other country was represented in more than
6% of publications. The majority of the 15 countries with the highest
productivity were EU member states which had authors on ~1/3 of all
publications.
International collaboration was infrequent, but more common
among the most productive countries. About 82% of the 1997–2019
publications had authors from a single country, 15% had authors from
two countries, and about 3% were from three or more countries
(Fig. 4). The Cij indicated researchers in the US were authors on the
highest number of collaborative publications (Table 1). Chinese and
3
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US collaborators co‐wrote the largest number (12) of joint publications, followed by publications between US and Italian researchers
who wrote 10. No other international combination produced more
than 6 publications. The collaborative index I ij (Eq. (1)) normalized
these results relative to the total number of publications from each
country. The largest I ij ð≈0:06Þ was found between US and Italian,
French and Norwegian, and Canadian and Polish authors (Table 2).
The UK had the highest Sj at 0.423, followed by the US (0.40) and Norway (0.32). No other country had an Sj above 0.2. Fifteen countries
had Sj ¼ 0. The complete tables of Cij and I ij are provided in the
Supplementary Materials.
Another measure of international collaboration utilized concepts
from network theory (where the countries are identiﬁed as ‘nodes’
and collaborations as ‘edges’) in a graphical representation of Cij
(Fig. 5a). Organizing node distance from the center as roughly inversely proportional to Pi also suggests higher levels of collaboration
between researchers in the most productive countries. This was quantiﬁed using the Gamma parameter (Eq. (3)) as the number of edges
divided by the total number of possible edges between any two nodes.
To examine variations in the level of collaboration from the most productive countries to the wider research community, countries were
ﬁrst sorted in descending order according to their Pi . The γðmÞ were
then computed for increasingly inclusive subsets i ¼ 1;    ; m, with m
increasing from two to the number of countries represented. Values
of γ were more variable for the smallest m, but for m ¼ 6 through
m ¼ 11, they were relatively stable at γ≅0:716 with a standard deviation of 0.03 (Fig. 5b). That is, the most productive 11 countries were
also the most collaborative. Values of γ decreased for m > 11, indicating declining rates of international authorship, with γ ≤ 0:5 for all
m ≥ 15. For the network of all publishing countries, γ = 0.07.

Fig. 2. Number countries represented by author afﬁliations per year (black).
Number of unique institutions per year (red). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

Institutional productivity and collaboration
After accounting for variations in spelling, abbreviation, naming,
and translation, and consolidating multi‐campus bodies, 652 institutions were identiﬁed as hosting published authors. Wuhan University
of Technology and Dalian Maritime University had the largest number
of total publications (49 and 43, respectively), followed by NATO‐
afﬁliated institutions, with 31 total publications (Table 3). The median
number of publications from the top 10 most productive institutions
was 18.5, and 5 for the 100 most productive institutions. The majority
of the top 10 have been publishing in the ﬁeld for at least a decade,
indicating a long‐term commitment to exploring applications, the
development of a deep knowledge base, as well as the training of students and researchers that will contribute to the development of future
research and commercial products. About 70% of identiﬁed institutions contributed to only a single publication. It may be that these
institutions were in a temporary or supporting role in the published
research. Examining the publication count of institutional collaborations helped address this question.
Here only pair‐wise collaborations were examined. Roughly 50% of
the publications examined involved authors from more than one institution. If a publication involved more than 2 institutions, each combination of 2 institutions was counted separately. This allowed the
calculation of a connectivity matrix for institutions deﬁned by the
number of collaborative publications, in analogy to that for countries
above. The most productive collaboration was between Wuhan
University of Technology and National Engineering Research Center
for Water Transport Safety (Table 4). However, these two institutions
are associated, so combining their contributions would be an alternate
choice. The second most productive collaboration was between institutions of the Chinese Academy of Science and Jimei University. Only 17
collaborations were found to have produced 4 or more publications, all
of which involved institutions that each produced a moderate to high
number of total publications. Twelve of the 17 highest productivity

Fig. 3. Top 15 national author afﬁliations. Number (P) and percentage (ϱ) of
total publications with at least one author afﬁliated with indicated country.

Fig. 4. The number of publications with authors from a single country (black),
two countries (blue), three or more countries (green). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
4
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Table 1
Collaboration count matrix Cij for 1997–2019. The diagonal is number of articles with an author from indicated country. The matrix for all countries is in Supplementary Materials.
Country Publication Rank
Rank

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

1. China
2. United States
3. Italy
4. Germany
5. United Kingdom
6. Canada
7. France
8. Japan
9. Norway
10. South Korea
11. Netherlands
12. Taiwan
13. Poland
14. Finland
15. Spain

199
12
0
1
6
2
0
2
1
3
3
1
0
1
0

88
10
4
3
6
1
2
1
2
1
0
1
1
1

78
6
2
0
4
0
1
0
3
0
0
0
2

59
3
0
4
0
3
1
2
0
1
0
0

49
0
1
0
2
1
0
0
0
0
0

46
1
0
2
0
0
0
4
2
0

42
2
4
0
3
0
0
0
2

34
0
1
0
0
0
0
0

34
1
3
0
0
0
0

28
0
0
0
0
0

28
0
0
1
0

24
0
0
0

23
2
0

21
0

18

5

Table 2
The 1997–2019 collaboration index matrix I ij (1) between top-ranked (1–15) countries, and the net collaboration index Si . The Index for The matrix for all countries is in Supplementary Materials.

1. China
2. United States
3. Italy
4. Germany
5. United Kingdom
6. Canada
7. France
8. Japan
9. Norway
10. South Korea
11. Nether- lands lands
12. Taiwan
13. Poland
14. Finland
15. Spain
Net (Si )

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

0.00
0.04
0.00
0.00
0.02
0.01
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.10

0.00
0.06
0.03
0.02
0.05
0.01
0.02
0.01
0.02
0.01
0.00
0.01
0.01
0.01
0.20

0.00
0.05
0.02
0.00
0.03
0.00
0.01
0.00
0.03
0.00
0.00
0.00
0.02
0.13

0.00
0.03
0.00
0.04
0.00
0.03
0.01
0.02
0.00
0.01
0.00
0.00
0.14

0.00
0.00
0.01
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.22

0.00
0.01
0.00
0.03
0.00
0.00
0.00
0.06
0.03
0.00
0.15

0.00
0.03
0.06
0.00
0.04
0.00
0.00
0.00
0.03
0.17

0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.14

0.00
0.02
0.05
0.00
0.00
0.00
0.00
0.18

0.00
0.00
0.00
0.00
0.00
0.00
0.09

0.00
0.00
0.00
0.02
0.00
0.12

0.00
0.00
0.00
0.00
0.00

0.00
0.05
0.00
0.08

0.00
0.00
0.07

0.00
0.10
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Table 4, γ ¼ 0:17, and γ ¼ 0:006 for all institutions. Other measures
have been used to characterize networks of researchers in different
ﬁelds (Abbasi et al., 2011), but the one measure is sufﬁcient for purposes here.
Citation count
Along with publication count, a widely used measure of scientiﬁc
signiﬁcance is the number of citations provided by other authors. Of
the 817 publications examined, 509 were cited elsewhere, with the
highest number of citations provided to those published in the mid‐
2010s (Fig. 7), and declining for those published in more recent years.
The ten most cited publications (Table 5) were almost all research articles. Most of the 36 authors of these publications were from EU countries. Only three authors were from a CN country and one was from the
US. Most of the authors were from high productivity institutions. An
exception to these general results was Ristic et al. (2008), a conference
proceeding written during the initial surge of interest in AIS data.
There were 308 publications in this study with zero citations, concentrated in 2018–2019 (Fig. 7). Citations of recent manuscripts are less
common as they may not have been fully incorporated by the research
community, or simply due to time delays of publishing.
The total number of citations received by publications from each
institution generally increased with the total number of publications
(Table 4). The most cited institution was NATO, even though most
of these were proceedings. NATO afﬁliates produced a total of 25%
of combined publications of the top 3 institutions, but received 61%
of combined citations. This is partly due to the high citation count of
Pallotta et al. (2013) who received 200 of the 497 citations to
NATO‐afﬁliated publications. Five of the other most cited publications
(Table 5) were written by authors associated with high‐publication ( ≤
rank 25) institutions (Table 3).
The collaboration with the most citations (195) was between the
Finnish Meteorological Institute and Turku University, both based in
Finland. Only four other collaborations received >100 citations
(Supplementary Materials), two of these involved the previous two
institutions. All four produced 3 or fewer total publications.

Fig. 5. International collaboration. (a) network graph of country collaborations for countries hosting at least one international collaboration. Node color
indicates total number of publications, node size represents total number of
collaborative publications, edge darkness indicates number of collaborative
publications between indicated countries. (b) Gamma parameter (3) for the
collaborative publications for increasing number of countries ordered by
decreasing P.

Change point year
In light of the 2017 change in productivity, national output was
reexamined over 2 three‐year time periods: 2014–2016 (I) and
2017–2019 (II) (Fig. 8). In both time periods authors afﬁliated with
mainland China produced the largest number of publications of any
individual country, increasing their share from 20% during I to 35%
during II. Italy was the 2nd most productive country during I, but
declined in relative output from 11% to 6% during II. The US relative
output changed little, from 9% during I to 10% during II. The increase
in productivity from Chinese researchers coincided with a large
increase in the total number of authors involved in AIS‐related topics
(Fig. 9), where authors were identiﬁed from the unique Scopus Author
number. From 2016 to 2019, the number of authors afﬁliated with
institutions in mainland China grew by a factor of 4.

collaborations included at least one of the top 20 institutions ( ≥ 10
publications, Table 3 and Supplementary Material).
Collaborations that involved an institution that produced only a
single publication (which put it about rank 200 or lower) typically
involved at least one high productivity partner. That partner ranked
30 ( ≥ 7 total publications) or better in about 30% of these collaborations, and ranked 100 ( ≥ 3 total publications) or better in 51%. This
would seem to reinforce the above conjecture that low‐productivity
institutions were providing support to leading institutions; it also
implies a vibrant environment of collaboration and cross‐pollination
for the research communities within each country, as most institutional collaborations took place within the same country.
The median number of collaborations between all institutions was
2. The network graph of high‐productivity institutional collaborations
(Fig. 6) shows several clusters, organized largely by geopolitical grouping, with relatively weak connections between clusters. Chinese and
European institutions tended to form the most productive collaborations, largely working with institutions of the same or associated
nationality. Authors from Wuhan University of Technology had the
most (28) unique institutional collaborations. Sixteen institutions participated in 10 or more such collaborative publications. Many institutions (107) had zero collaborative publications, and 217 only had one.
This led to very sparse measures of connectivity. For the institutions in

Discussion
The 2018 economic value of US port operations was estimated at
$5.4 trillion, about 26% of US GDP (Martin, 2019). The relative significance of the maritime industry is similar in many countries. Maritime
shipping sustains the global economy by providing cost‐effective transportation of goods and products between port facilities. AIS data is
useful for understanding and modeling maritime trafﬁc because it
potentially provides years of information on the real‐world behavior
of many thousands of vessels operating across the globe, covering a
wide range of vessel and hull types, course and speed, vessel densities,
6
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Institution

#
Pub

#
Cit

(1) Wuhan University of
Technology

(5) National Engineering
Research Center for Water
Transport Safety
(6) Jimei University
(33) University of Connecticut
(30) Minjiang University

17

49

7
6
5

52
59
8

(30) Minjiang University

5

8

(41) Xiamen University
(43) University of Ottawa
(58) Changjiang Maritime Safety
Administration
(60) Helmholtz-Zentrum
(63) Italian Coast Guard
(48) Kongsberg Seatex

5
5
4

25
23
18

4
4
4

33
29
11

(48) Kongsberg Seatex
(50) Osaka University
(56) University of Turku

4
4
4

12
2
195

(51) Paris Sciences et Lettres
Research University
(35) French National Center for
Scientiﬁc Research
(65) Marinecraft Co.

4

25

4

68

4

16

operated by Wuhan University of Technology.

Fig. 6. Institutional network of publications, for institutions with at least 5
publications. Colors indicate geopolitical grouping: NA, North America (cyan),
European Union, EU (blue), China, Taiwan, Hong Kong (red), and Other
(yellow). Number indicates rank of institution by number of publications
(Table 3). Node diameter indicates number of collaborative publications. (For
interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

*

#Coll

28
24
9
17
15
17
6
16
3
5
6
18
7
5
7
5
17
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2016
2017
2019
2019
2019
2018

LastYear
FirstYear

2011
2007
2006
2007
2014
2007
2012
2010
2013
2004
2012
2005
2007
2010
2009
2003
2003
193
124
497
140
49
72
174
192
74
253
169
56
72
49
105
114
159

# Cit

Institution

(4) Chinese Academy of Science
(3) NATO
(1) Wuhan University of
Technology
(5) National Engineering
Research Center for Water
Transport Safety
(6) Jimei University
(37) Larus Technologies
(1) Wuhan University of
Technology
(3) NATO
(8) Joint Research Centre
(10) Norwegian Defense
Research Establishment
(12) European Space Agency
(14) Kobe University
(18) Finnish Meteorological
Institute
(19) Naval Academy Research
Institute
(34) Collecte Localisation
Satellites
(49) Korea Maritime University

Wuhan University of Technology, China
Dalian Maritime University, China
NATO
Chinese Academy of Science, China
National Engineering Research Center for Water Transport Safety*, China
Jimei University, China
German Aerospace Center, Germany
European Commission Joint Research Centre
National University of Defense Technology, China
Norwegian Defense Research Establishments, Norway
Delft University of Technology, The Netherlands
European Space Agency
Defense R&D Canada
Kobe University, Japan
Dalhousie University, Canada
National Taiwan Ocean University, Taiwan
U.S. Coast Guard, US

Institution

Table 4
Institutional collaborations yielding at least 4 publications, rank by total number
of publications in Table 3 indicated within ‘()’. The total number of publications
and citations of the publications for each pair is given.

19
16
24
9
4
10
7
5
4
9
5
12
6
8
5
6
8
30
26
5
11
15
8
8
9
10
6
9
2
6
4
5
6
4
49
43
31
20
19
18
15
15
15
15
14
14
13
13
12
12
12

Np
Na
# Pubs

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Rank

Table 3
Institutions producing at least 12 publications, ranked by number of publications. Number of articles (N a ), number of conference proceedings (N p ), cumulative number of citations of publications with at least one author
from each institution, the ﬁrst and last year a publication appeared with an author from that institution, and the number of collaborating institutions. Ranking of all institutions is in Supplementary Materials.
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with at least one US‐based researcher was slightly higher than for
the most productive single EU country (nominally 10% of all publications). However, the relative productivity of US researchers was low
compared to other scientiﬁc ﬁelds. In 2017, US authors contributed
to 17% of all science and engineering papers worldwide (NSB,
2018). The reason for the underrepresentation of the US in this critical
ﬁeld is unclear. It may be due to a reliance on domestic private sector
researchers, or on its historical alliances with leading maritime powers
in Europe, Japan, and South Korea.
The heterogeneous global distribution of AIS research effort likely
reﬂects differing and changing national priorities. For instance, China’s “New‐Generation Artiﬁcial Intelligence Development Plan”
released in 2017, set a goal for that nation to be a world leader in
AI by 2030, and was backed by several billion dollars ($US equivalent)

Fig. 7. (a) Total citation count by year of publication; (b) number of uncited
publications by year.

geographic locations, navigational situations, tidal stages, and weather
conditions. Intelligent application of these data, particularly when
joined with environmental data such as winds, currents, wave ﬁelds,
and tidal levels, has the potential to increase operational effectiveness
of ships and ports. Beneﬁts anticipated from analysis of AIS data
include allowing for more ships and larger ships to safely make port
calls, increasing the accuracy of port arrival scheduling, decreasing
fuel consumption, reducing total engine emissions, navigating unexpected environmental or trafﬁc conditions, and supporting development of autonomous vessels.
The value to be derived from achieving these and other objectives,
commensurate with rapid increases in computational capacity, supported a rapid rise in AIS‐related research over the last two decades,
a majority of which involved or referenced AI. During this time, a
decreasing ratio of conference proceedings to research articles
indicated a research community transitioning from initial, more
exploratory or speculative works, to more robust studies able to pass
peer‐review.
Overall, China and Europe were the two primary sources of AIS‐
related research, together contributing to 66% of all identiﬁed publications, increasing to 78% in recent years. The number of publications

Fig. 8. Number (P) and percentage (ϱ) of total publications with at least one
author afﬁliated with indicated country for (a) 2014–2016 and (b)
2017–2019.

Table 5
Top ten most cited publications by number of citations (#), year of publication, authors' names, title, and name of journal or proceedings. The institutional rank of each
author is indicated as a superscript.
Most Cited Publications
#
200

Year
2013

Authors
3

3

Pallotta, G. ; Vespe, M. ; Bryan, K.
344

230

Ristic, B. ; La Scala, B.
Gordon, N. 344
Goerlandt, F.20; Kujala, P.

3

; Morelande, M.

230

;

159

2008

149

2011

141

2007

140

2009

111

2013

Harati-Mokhtari,
A. 98; Wall, A. 98; Brooks, P. 98;
Wang J.98
Jalkanen, J.P.18; Brink, A.86; Kalli, J. 56; Pettersson,
H.18; Kukkonen, J.18; Stipa, T.18
Silveira, P.A.M196.; Teixeira, A.P.196 Soares, C.G. 196

111
77
69

2006
2015
2009

Eriksen, T.10; Høye G.10; Narheim, B.10; Meland, B.J.10
Xiao, F.11; Ligteringen, H.11; Van Gulijk, C.11; Ale, B.11
Gunnar Aarsæther, K.25; Moan T.25

20

Title

Journal

Vessel pattern knowledge discovery from AIS data: A
framework for anomaly detection and route prediction
Statistical analysis of motion patterns in AIS data: Anomaly
detection and motion prediction
Trafﬁc simulation based ship collision probability modeling

Entropy

Automatic identiﬁcation system (AIS): Data reliability and
human error implications
A modelling system for the exhaust emissions of marine
trafﬁc and its application in the Baltic Sea area
Use of AIS data to characterise marine trafﬁc patterns and
ship collision risk off the coast of Portugal
Maritime trafﬁc monitoring using a space-based AIS receiver
Comparison study on AIS data of ship trafﬁc behavior
Estimating navigation patterns from AIS

8

Proceedings of the 11th International
Conference on Information Fusion
Reliability Engineering and System
Safety
Journal of Navigation

Atmospheric Chemistry and Physics
Journal of Navigation
Acta Astronautica
Ocean Engineering
Journal of Navigation
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nologies on vessels? What will be the standards for safety and
reliability? What information will developers and operators be
required to be share among all players? Those are questions best
answered by doing more research and working together.
It is imperative to see collaboration between private sector shipping companies, private sector technology companies, international
agencies like IMO, and research universities to come up with more
widely adopted AI solutions for the maritime industry as a whole.
The IMO is developing guidelines that create the foundation for AI
in the maritime domain. For example, Single Window mandates the
electronic exchange of data related to vessel calls to be submitted electronically via a single portal, and the IMO has been examining regulation of e‐navigation and autonomous vessels (ITU, 2019).
More support for multinational collaboration is warranted to further advance global applications of AI in the maritime transportation
industry. Increased engagement with existing maritime organizations,
government agencies, and researchers would promote standardization,
regulation and oversight in the application of related technologies in
maritime transportation. For maritime nations, this represents an economic and national security priority.

Fig. 9. The number of unique authors by year from the 5 most productive
countries.

in direct government funding (Tobin et al., 2019). The rapid increase
in the number of Chinese authors (Fig. 9) appears to demonstrate the
initial impact of this program. The Plan also supports China’s ongoing
efforts to establish the Maritime Silk Road, whereby it seeks to renovate existing ports or build new ports at strategic locations along the
Indian Ocean and adjoining seas (Blanchard and Flint, 2017; Grault
and Ferreira‐Pereira, 2020). In contrast, US Executive Order 13,859
in 2019 declared AI a national priority, but did not provide immediate
additional funding for the ﬁeld. The relatively low rate of US authorship in this ﬁeld likely reﬂects this lack of funding.
Some publications relevant to this study may not have been discoverable using citation search engines. Private sector scientists are
actively developing AI for a wide range of uses, including maritime,
but many do not publish results of their work. Google, one of the largest producers of data analytics and AI resources, was only listed on a
single publication in the group of publications examined. There are a
few AI companies, such as DeepMind, that publish research results so
their methodologies can be subjected to, and potentially improved by,
the process of peer review. Several commercial AIS data servers provide data analytics to their customers, and are developing AI‐based
tools, but again, many do not make their software available to the public. Private sector contributions to maritime research remains difﬁcult
to evaluate. A survey of such companies would help ﬁll this potentially
large gap in knowledge.
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Conclusion
The importance and necessity of world‐wide cooperation in all
areas of maritime technological development is clear. This industry
is intrinsically international and requires global collaboration in order
to operate effectively. One such model of international maritime collaboration for European countries was presented by Vuletic et al.
(2017). They identiﬁed overlapping procedures of 69 institutions of
the shipping sector and built a model of common practices and technologies that could be used collaboratively, though AI was only mentioned peripherally as a supporting component.
Successful implementation of analytic and AI applications is
expected to improve maritime efﬁciency, safety, security, environmental protection, and reduce the related administrative load. IMO’s Maritime Safety Committee has been working on a regulatory framework
for E‐navigation which includes utilization of AI since 2006. There
have been several modernizations in the past 20 years with the introduction of electronic charts, weather radars, autopilots, and automated
routing. The main challenge now is the standardization and harmonization of these new technologies and resulting data for such a
diverse but widespread industry, particularly in light of surging
research and development. Some critical questions need to be
addressed. How will AI systems work together? How will they interface with human operators? What should be the mandatory new tech-

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.trip.2021.100387.
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